Tg(MH2M) mice showed no species barrier, and the
Transmission of prion diseases between hosts of the MH2M(DY) strain retained the conformational and dissame mammalian species is typically highly efficient ease-specific properties of SHa(DY). These results with a uniform and consistent incubation period. In consuggest a causal relationship between species barritrast, prion transmission between animals of different ers, changes in PrP Sc conformation, and the emerspecies often fails to cause disease and, when successgence of new prion strains.
ful, is characterized frequently by a relatively prolonged incubation during the first passage. Upon serial homoloIntroduction gous transmission in the new species, the incubation time shortens, usually within a single passage, and the Prion diseases are infectious fatal degenerative disornew incubation period is maintained during subsequent ders of the central nervous system (CNS). The fundapassages. This comparative resistance to infection, as mental event underlying these diseases is the accumulaseen in the first passage to a new species, has been tion of an insoluble isoform (PrP Sc ) of the host-encoded termed as the "species barrier" (Pattison, 1965) . prion protein (PrP C ) . Many lines of eviIt has been recognized for many years that passage dence argue that PrP Sc is the sole component of the of prions through animals of different species may lead infectious pathogen (Prusiner, 1982) . Spectroscopic to the establishment of prion strains that are different studies suggest that PrP C is converted into PrP Sc through from the ancestral ones (Dickinson, 1976 ; Kimberlin, a process whereby some of its structure is converted 1979; Pattison, 1966; Ridley and Baker, 1996) . In fact, into ␤ sheet (Caughey et al., 1991; Gasset et al., 1993;  the experimental use of different species for prion propPan et al., 1993; Pergami et al., 1996; Safar et al., 1993). agation was largely responsible for the recognition that This structural transition is accompanied by profound multiple prion strains can exist in genetically identical changes in the physicochemical properties of PrP. PrP C hosts and led to assertions that the scrapie "agent" is readily soluble in nondenaturing detergents and is must therefore possess an independent genome (Bruce digested rapidly by proteases. In contrast, PrP Sc is insoland Dickinson, 1987; Bruce and Fraser, 1991) . uble in such detergents and is resistant to proteolysis When transgenic (Tg) mice were constructed expressing Syrian hamster (SHa) PrP, they were found to be highly susceptible to SHa prion strain Sc237, in sharp 6 Correspondence: ind@itsa.ucsf.edu 7 Present address: School of Medicine, Fukuoka University, Japan.
contrast to control mice expressing mouse PrP (Scott In the experiments reported here, we show that transdecrease in incubation period after the first passage is an essential characteristic of the species barrier effect mission of one of these prion strains, SHa(Sc237), to Tg(MH2M) mice was characterized by a species barrier (Pattison, 1965 hamsters, the incubation period was significantly longer Although denaturation of both SHa(Sc237) and at ‫311ف‬ days (Table 1) . After a second homologous MH2M(Sc237) PrP Sc exhibited sigmoidal transitions, subpassage in Tg(MH2M) mice, the MH2M(MH2M(Sc237)) stantial differences in the stabilities of the two proteins prions yielded an even longer incubation time of ‫331ف‬ were observed (Figure 2 ). The concentration of GdnHCl days when reintroduced into Syrian hamsters (Table 1) (Table 1) . proteolytic digestion and analyzed by Western blots, demonstrating low levels of SHa(DY) and MH2M(DY) When brain extracts from Tg(MH2M) mice containing Similar Disease Phenotypes from SHa(Sc237) were found in the white and gray matter in inoculated Syrian hamsters, but absent in the same locations in and TgSHa(Sc237) Prions We also found that the hamster-and Tg(SHa) mouseinoculated Tg(SHa) mice. passaged prions produced an identical disease phenotype. In Syrian hamsters, inoculation of TgSHa(Sc237) prions resulted in an incubation period of 80 days, similar Discussion to the 75 day period from SHa(Sc237) prions (Table 1) .
Additionally, PrP amyloid deposition in Syrian hamsters
Our findings provide biochemical insights into a molecular mechanism that leads to the emergence of new prion and Tg(SHa) mice inoculated with Sc237 prions was similar, with the formation of subependymal PrP amyloid strains. We present evidence that the misfolded state of the pathogenic prion protein is an important determiplaques over the surface of the hippocampus ( Figures  3A and 6A) , although those in Tg(SHa) mice tended to be nant of the disease-causing properties of prion strains. We further show that the typical change in incubation two to three times larger than those in Syrian hamsters (compare Figures 3A and 6A) Furthermore, the patterns of deposition of PrP Sc observed in the brain were strikingly different, with small amyloid plaques over the hippocampus in Tg(SHa) mice and hamsters infected with SHa(Sc237) prions and much larger, GSS-type plaques in Tg(MH2M) mice infected with MH2M(Sc237) prions (compare Figures 3A and 6D ). These observations argue for a correlation between the species barrier and new prion properties and suggest that transmission of this isolate to Tg(MH2M) mice leads to selection of a new prion strain.
Factors Influencing the Species Barrier and Emergence of New Prion Strains
It has been well documented that the transmission of prion strains from one species to another can sometimes lead to the isolation of strains with properties that differ from those of the ancestral strains (Dickinson, 1976; Kimberlin et al., 1989 ). In the past, such changes were attributed to a high mutation rate in the parental strain and were interpreted as evidence for a nucleic acid genome within the prion particle, despite the lack of a candidate molecule (Bruce and Dickinson, 1987; Kimberlin et al., 1989).
Sequence homology between the PrP C of the host and PrP Sc of the inoculum is a major determinant in controlling susceptibility to prion disease. It is generally assumed, therefore, that humans benefit by some degree of protection from exposure to prions of other species. However, sequence homology cannot completely 
, 1996). in PrP Sc Conformation, and Emergence of New Prion Strains
In the present study, we found that in transmissions that A Molecular Basis for the Species Barrier The differences we observed in interspecies transmissiencountered a species barrier, the resultant prion strain displayed biochemical and neuropathological properbility might be attributed to molecular differences between the strains. SHa(Sc237) and SHa(DY) strains seem ties that differed from those of the original inoculum. However, some transmissions between hosts with difto maintain the same glycoform ratios, so observed differences cannot be explained by the glycosylation state ferent PrP sequences could be accomplished without evidence of a species barrier, and in these cases, the of PrP Sc . Furthermore, there is currently no evidence for a species-specific ligand, such as a nucleic acid. original prion strain characteristics were retained.
Comparisons of prion strains were made using both At the molecular level, the only known variable that distinguishes SHa(DY) from SHa (Sc237) (1.8 and 1.1 M, respectively) et al., 2001 ). In this procedure, a prolonged incubation time during the first passage and relatively shorter and more consistent incubation PrP Sc in crude brain fractions is exposed to GdnHCl and then digested with PK. As the concentration of GdnHCl periods upon subsequent passages. In the present study, we found that this prolongation, or species barrier increases, the conformation of PrP Sc is destabilized, and the molecule is rendered susceptible to proteolytic dieffect, is correlated with the emergence of a strain that differs from the parental prion. gestion. To quantify differences in denaturation profiles, residual "native" PrP Sc was detected using ELISA. MeaThese changes have been attributed to the incoming prion becoming "adapted" or "selected" in the new spesurements of the conformational stability of soluble proteins have shown that in order to determine the equilibcies (Kimberlin and Walker, 1977) , which can be explained by one of two entirely separate ideas: (1) a rium constant and the free energy change of unfolding, ⌬G, it is necessary that the unfolding reaction reaches change in the strain identity of the prion was forced, or (2) the resulting strain was selected from a heterogeneous equilibrium and is reversible. Because conditions for renaturation of PrP Sc have not been identified, the reacpopulation of strains already existing within the original inoculum. In the absence of nucleic acid, the strain idention is not reversible, and the ⌬G for PrP Sc therefore
Experimental Procedures
tity of a prion lies in its ability to sustain separate information states within the same amino acid sequence.
Construction of Tg Mice
Each strain, therefore, must maintain different "tem- whether the BSE strain of prions, which is pathogenic Fab chimera was termed HuM-D18. We found that compared to Mo-D18, HuM-D18 had a higher affinity for PrP, which resulted in to humans after its propagation in cattle, has infected on farms are propagating the BSE strain of prions and whether such prions are pathogenic to humans. We be-
ELISA Denaturation Transition
lieve that the use of these experimental systems may Aliquots of 10 l from the P2 fraction (10 mg/ml) were mixed with greatly facilitate our understanding of the molecular baan equal volume of GdnHCl stock solutions. GdnHCl stock solutions were prepared from an 8 M solution (Pierce, Rockford, IL) diluted in sis of prion susceptibility.
